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j.2013.05Abstract Where corrosion of steel reinforcement is a concern, ﬁber-reinforced polymer (FRP)
reinforcing bar or grid reinforcement provides an alternative reinforcement for concrete ﬂat slabs.
The existing provisions for punching of slabs in most international design standards for reinforced
concrete are based on tests of steel reinforced slabs. The elastic stiffness and bonding characteristics
of FRP reinforcement are sufﬁciently different from those of steel to affect punching strength [1].
This paper evaluates the punching shear strength of concrete ﬂat slabs reinforced with different
types of ﬁber-reinforced polymer (FRP). A total of 59 full-size slabs were constructed and tested
collected from the literature of FRP bars reinforced concrete slabs. The test parameters were the
amount of FRP reinforcing bars, Young’s modulus of FRP bars, slab thickness, loaded areas and
concrete compressive strength. The experimental punching shear strengths were compared with
the available theoretical predictions, including the ACI 318 Code, BS 8110 Code, ACI 440 design
guidelines, and a number of models proposed by some researchers in the literature. Two approaches
for predicting the punching strength of FRP-reinforced slabs are examined. The ﬁrst is an empirical
new model which is considered as a modiﬁcation of El-Gamal et al. [2] model. The second is a Neu-
ral Networks Technique; which has been developed to predict the punching shear capacity of FRP
reinforced concrete slabs. The accuracies of both methods were evaluated against the experimental
test data. They attained excellent agreement with available test results compared to the existing
design formulas.
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.009Introduction
The long-term durability of reinforced concrete structures has
become a major concern in the construction industry. One of
the main factors reducing durability and service life of the rein-
forced concrete structures is the corrosion of steel reinforce-
ment. Many steel-reinforced concrete structures exposed to
de-icing salts and marine environment require extensive and
expensive maintenance. Recently, the use of ﬁber reinforced
polymer (FRP) as alternative reinforcing material in reinforcedction and hosting by Elsevier B.V. All rights reserved.
126 I.M. Metwallyconcrete structures has emerged as innovative solution to the
corrosion problem. In addition to the non-corrosive nature
of FRP materials, they also have a high strength-to-weight ra-
tio which makes them attractive as reinforcement for concrete
structures.
Extensive research programs have been conducted to inves-
tigate the ﬂexural behavior of concrete members reinforced
with FRP reinforcement. On the other hand, the shear behav-
ior of concrete members in general and especially punching
shear of two-way slabs, reinforced with FRP bars has not
yet been fully explored. Many researches have been carried
out on punching shear behavior of slabs reinforced with con-
ventional steel and several design models were proposed. How-
ever, these models cannot be directly applied to FRP-
reinforced concrete slabs due to the difference in mechanical
properties between FRP and steel reinforcement. The modulus
of elasticity for the commercially available glass and aramid
FRP bars is 20–25% that of steel compared to 60–75% for car-
bon FRP bars. Due to the relatively low modulus of elasticity
of FRP bars, concrete members reinforced with FRP bars
experience reduced shear strength compared to the shear
strength of those reinforced with the same amount of steel
reinforcement [1–5].
This paper presents a simple and reliable framework for the
punching shear strength of slabs reinforced with embedded
FRP rebars or grids. The main objectives of the present study
are to use test results available in the open literature to intro-
duce reliable and accurate practical methods for punching
shear calculations for FRP reinforced concrete ﬂat slabs.
This paper introduces two new solutions for a best predic-
tion of punching capacities. The ﬁrst is a new empirical model
which is a modiﬁcation of the El-Gamal et al. [2] equation. The
second solution is using the Artiﬁcial Neural Networks Tech-
nique. Each of them contains two new parameters, never used
before; which are the effects of the elastic or ﬂexural stiffness
of the main bottom FRP reinforcement, and the effect of the
continuity of slabs in the longitudinal and/or in the transverse
direction on punching capacity. The paper also examines the
validity of existing shear design recommendations (interna-
tional design codes & models) for slabs with internal FRP bars
reinforcement.Test specimens and experimental technique
The test specimens consisted of 59 concrete slabs reinforced
with FRP bars collected from the literature. The database is
presented in Table 1.
All specimens were FRP-reinforced concrete slab–column
connections without drop panels, column capitals, or any type
of shear reinforcement. The collected experimental results are
available in the literature and were conducted by different
researchers.[2–15] The slabs were tested under concentric
punching load. All the test slabs failed in punching shear be-
fore reaching the design ﬂexural capacity.
The concrete cylinder compressive strength (f0c), for the ana-
lyzed database ranges from 26 to 65 MPa, the young’s modu-
lus of FRP bars (Ef) ranges from 28 to 148 GPa, the ratio of
ﬂexure reinforcement (qf), ranges from 0.18% to 3.8% while
the slab’s effective depth (d) for the analyzed database ranges
from 55 to 165 mm. They cover a relatively wide spectrum of
the material and geometric properties of FRP-reinforcedconcrete slabs used in practice. The objective is to study the
inﬂuence of these parameters (f0c, Ef, qf %, and d) on punching
shear capacity.
Analytical investigation
In two-way reinforced concrete slabs, the punching shear resis-
tance is provided by the shear resistance of the concrete, Vc.
This shear resistance acts over the area equal to the length of
a ‘‘critical perimeter’’ multiplied by the effective depth of the
section, d. The critical perimeter is identiﬁed by the letter bo
and a subscript that represents the distance that the critical
perimeter is offset from the perimeter of the area of the concen-
trated load, as a multiple of the effective depth, d. The following
sections consider several models for Vc. The selected models
were used to predict capacities for the slab test specimens, which
were then compared to actually test ultimate capacities.
Punching shear models for FRP-reinforced concrete slabs
There is a lack of design and prediction models related to the
punching shear strength of concrete deck slabs reinforced with
FRP composite bars. Current recommendations in the ACI
318-11 Code [16] and the British Standards [17] were empiri-
cally derived for slabs reinforced with steel reinforcement, as
shown below:
VCðACI318Þ ¼ 0:33
ﬃﬃﬃ
f0c
p
bod ðSI unitsÞ ð1Þ
where bo is the critical perimeter at a distance of d/2 away from
the loaded area, and d is the average ﬂexural depth of the slab.
VCðBS8110Þ ¼ 0:79ð100qsÞ0:33
400
d
 0:25
fck
25
 0:25
bod ðSI unitsÞ
ð2Þ
where fck is the characteristic concrete cube compressive
strength, qs is the steel reinforcement ratio, bo is the rectangu-
lar critical perimeter at a distance of 1.5d away from the loaded
area, and d is the average ﬂexural depth of the slab.
The sub-committee ACI440H [18] is currently considering
the introduction of a new provision to account for the punch-
ing capacity of two-way concrete slabs reinforced with FRP
bars in the next edition of the ACI-440.1R guide [18]. This
sub-committee has proposed the use of Eq. (3). This equation
considers the effect of reinforcement stiffness to account for
the shear transfer in two-way concrete slabs
VCðACI440Þ ¼ 0:8
ﬃﬃﬃ
f0c
p
boc ðSI unitsÞ ð3Þ
where bo is the perimeter of critical section for slabs (mm) and
c is the cracked transformed section neutral axis depth (mm),
c= kd.
k ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2qfnf þ ðqfnfÞ2
q
 qfnf
nf ¼ Ef
Ec
qf ¼
Af
bd
In the evaluation of Eq. (3), bo should be evaluated at d/2
away from the column face. In addition, the shape of the crit-
ical surface should be the same as that of the column.
Table 1 Comparison of experimental and predicted results for FRP-reinforced slabs.
No. Slab *c, mm d, mm f0c, MPa Ef, GPa q, % Vtest kN Vtest/Vpredicted
ACI 318
(Eq. (1))
BS 8110
(Eq. (2))
ACI 440
(Eq. (3))
El-Ghandour
(Eq. (4))
Matthys
and Taerwe
(Eq. (5))
Ospin
(Eq. (6))
El-Gamal
(Eq. (7))
Proposed
Eq. (8)
Neural
Networks
Banthia et al. [3]
1 I S 100 55 41.0 100 0.31 65 0.90 1.08 2.8 1.13 1.21 1.12 1.25 1.12 0.99
2 II S 100 55 52.9 100 0.31 61 0.74 0.930 2.45 0.94 1.05 0.97 1.03 0.93 0.77
Matthys and Taerwe [4]
3 C1 C150 96 36.7 91.8 0.26 181 1.22 1.68 4.17 1.58 1.94 1.58 1.58 1.42 1.08
4 C10 C230 96 37.3 91.8 0.26 189 0.95 1.47 3.27 1.23 1.70 1.39 1.41 1.27 1.12
5 C2 C 150 95 35.7 95.0 1.05 255 1.77 1.52 3.14 2.26 1.74 1.42 1.44 1.29 1.54
6 C20 C 230 95 36.3 95.0 1.05 273 1.42 1.37 2.52 1.81 1.57 1.28 1.31 1.18 1.06
7 C3 C 150 126 33.8 92.0 0.52 347 1.66 1.77 4.03 2.14 2.05 1.57 1.57 1.41 1.24
8 C30 C 230 126 34.3 92.0 0.52 343 1.26 1.51 3.07 1.63 1.75 1.34 1.36 1.22 1.09
9 CS C 150 95 32.6 147.6 0.19 142 1.03 1.54 3.18 1.14 1.52 1.15 1.27 1.14 0.89
10 CS0 C 230 95 33.2 147.6 0.19 150 0.81 1.36 2.52 0.90 1.35 1.02 1.14 1.03 0.91
11 H2 C 150 89 35.8 40.7 3.78 231 1.75 0.98 2.59 2.96 1.50 1.43 1.26 1.13 1.01
12 H20 C 80 89 35.9 40.7 3.78 171 1.83 0.87 2.70 3.10 1.33 1.27 1.09 0.98 1.01
13 H3 C 150 122 32.1 44.8 1.21 237 1.22 0.97 2.76 1.99 1.43 1.25 1.12 1.01 0.95
14 H30 C 80 122 32.1 44.8 1.21 217 1.50 1.03 3.41 2.46 1.52 1.32 1.16 1.05 0.98
El-Ghandour et al. [5]
15 SG1 S200 142 33.3 45.0 0.22 170 0.46 0.70 2.33 0.75 1.03 0.86 0.87 0.78 0.99
16 SC1 S 200 142 34.7 110.0 0.18 229 0.61 1.00 2.23 0.74 1.09 0.78 0.91 0.82 0.96
17 SG2 S 200 142 46.6 45.0 0.47 271 0.62 0.78 2.37 1.01 1.14 0.96 0.91 0.82 1.02
18 SG3 S 200 142 30.3 45.0 0.47 237 0.67 0.78 2.32 1.1 1.15 0.96 0.99 0.89 0.97
19 SC2 S 200 142 29.6 110.0 0.43 317 0.91 1.09 2.15 1.11 1.19 0.86 1.02 0.92 0.90
Ospina et al. [6]
20 gfr-1 S 250 120 29.5 34.0 0.73 217 0.68 0.73 2.17 1.22 1.17 1.08 1.06 0.95 1.03
21 gfr-2 S 250 120 28.9 34.0 1.46 260 0.82 0.70 1.90 1.48 1.13 1.03 1.02 0.91 0.98
22 nef1 S 250 120 37.5 28.4 0.87 206 0.57 0.60 1.93 1.09 1.03 0.97 0.89 0.80 0.96
Zhang et al. [7]
23 GS2 S 250 100 35.0 42.0 1.05 218 0.80 0.78 2.03 1.33 1.17 1.09 1.07 0.96 1.02
Lee et al. [8]
24 gfu1 S 225 110 36.3 48.2 1.18 222 0.76 0.70 1.73 1.21 1.00 0.88 0.89 0.80 0.85
25 gfb2 S 225 110 36.3 48.2 2.15 246 0.84 0.63 1.47 1.34 0.91 0.80 0.81 0.72 0.96
26 gfb3 S 225 110 36.3 48.2 3.00 248 0.85 0.57 1.29 1.35 0.82 0.73 0.73 0.65 0.98
27 cfrc-sn1 S 75 61 42.4 113 0.95 93 1.30 1.00 2.33 1.57 1.08 0.96 1.08 0.97 1.21
28 cfrc-sn2 S 75 61 44.6 113 0.95 78 1.06 0.82 1.92 1.29 0.89 0.79 0.88 0.79 1.09
29 cfrc-sn3 S 100 61 39 113 0.95 96 1.18 0.96 2.08 1.43 1.05 0.93 1.06 0.95 0.93
30 cfrc-sn4 S 100 61 36.6 113 0.95 99 1.26 1.02 2.18 1.52 1.10 0.97 1.13 1.01 0.88
El-Gamal et al. [2]
31 G-S1 R 250 · 600 159 49.6 44.6 1.00 740 0.86 1.03 2.35 1.41 1.52 1.24 1.17 1.05 1.02
32 G-S2 159 44.3 38.5 1.99 712 0.87 0.82 1.82 1.50 1.27 1.06 0.99 0.89 1.00
33 G-S3 156 49.2 46.5 1.21 732 0.87 0.99 2.15 1.41 1.43 1.17 1.11 0.99 0.98
34 C-S1 165 49.6 122.5 0.35 674 0.74 1.27 2.08 0.87 1.34 0.91 1.02 0.91 0.97
35 C-S2 165 44.3 122.5 0.69 799 0.93 1.25 1.87 1.10 1.32 0.90 1.02 0.92 1.13
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Table 1 (continued)
No. Slab *c, mm d, mm f0c, MPa Ef, GPa q, % Vtest kN Vtest/Vpredicted
ACI 318
(Eq. (1))
BS 8110
(Eq. (2))
ACI 440
(Eq. (3))
El-Ghandour
(Eq. (4))
Matt s
and T erwe
(Eq. ))
Ospin
(Eq. (6))
El-Gamal
(Eq. (7))
Proposed
Eq. (8)
Neural
Networks
Rahman et al. [10]
36 1 R 150 · 250 162 42 85 0.28 622 1.24 1.82 4.37 1.64 2.16 1.57 1.18 1.06 1.03
37 2 162 42 85 0.28 698 1.39 2.04 4.91 1.84 2.42 1.762 1.32 1.18 1.16
38 3 162 42 85 0.28 575 1.15 1.68 4.04 1.52 1.99 1.45 1.09 0.98 0.95
39 4 162 42 85 0.28 534 1.06 1.56 3.76 1.41 1.85 1.35 1.01 0.91 0.89
40 5 162 42 85 0.28 584 1.16 1.71 4.11 1.54 2.03 1.47 1.10 0.99 0.97
Hassan et al. [11]
41 1 R 225 · 575 165 59 147 0.57 1000 1.06 1.56 2.26 1.17 1.55 1.02 0.95 0.85 0.91
42 2 165 59 147 0.57 1200 1.27 1.87 2.72 1.40 1.86 1.22 1.14 1.02 1.09
43 3 165 59 147 0.57 1328 1.40 2.07 3.00 1.55 2.05 1.36 1.05 0.94 1.00
Hussein and Rashid [12]
44 G-S1 S 250 100 40 42 1.18 249 0.85 0.82 2.12 1.43 1.23 1.14 1.10 0.99 0.99
45 G-S2 S 250 100 35 42 1.05 218 0.80 0.78 2.03 1.33 1.17 1.09 1.07 0.96 1.02
46 G-S3 S 250 100 29 42 1.67 240 0.96 0.78 1.91 1.61 1.18 1.09 1.11 1.00 0.98
47 G-S4 S 250 100 26 42 0.95 210 0.89 0.86 2.22 1.49 1.29 1.19 1.24 1.11 1.13
Zaghloul and Razaqpur [13]
48 ZJF5 S 250 75 45 100 1 234 0.74 0.86 1.38 0.93 0.97 0.83 0.91 0.82 1.00
Bouguerra et al. [14]
49 g200n R 600 · 250 155 49.1 43 1.2 732 0.88 1.00 2.25 1.46 1.49 1.23 1.15 1.03 1.16
50 g175n 135 35.2 43 1.2 484 0.82 0.88 1.94 1.36 1.31 1.12 1.11 0.99 1.01
51 g150n 110 35.2 43 1.2 362 0.79 0.84 1.86 1.30 1.25 1.13 1.12 1.00 0.97
52 g175h 135 64.8 43 1.2 704 0.88 1.04 2.39 1.46 1.55 1.33 1.19 1.06 1.00
53 g175n0.7 135 53.1 43 .7 549 0.75 1.04 2.52 1.25 1.55 1.32 1.22 1.09 1.02
54 g175n.35 137 53.1 43 .35 506 0.68 1.18 3.17 1.13 1.76 1.50 1.38 1.24 1.00
55 c175n 140 40.3 122 .4 530 0.80 1.26 2.01 0.94 1.33 0.95 1.09 0.98 1.00
Ramzy et al. [15]
56 F1 S 200 82 37.4 46 1.1 165 0.88 0.81 2.14 1.44 1.19 1.14 1.13 1.01 0.90
57 F2 S 200 112 33 46 .81 170 0.64 0.64 1.74 1.04 0.93 0.82 0.83 0.75 0.78
58 F3 S 200 82 38.2 46 1.29 210 1.11 0.98 2.52 1.81 1.43 1.36 1.35 1.21 1.05
59 F4 S 200 82 39.7 46 1.54 230 1.20 1.00 2.53 1.94 1.45 1.39 1.37 1.23 1.05
Mean 1.00 1.11 2.53 1.44 1.40 1.15 1.12 1.00 1.00
Standard deviation (STD) 0.31 0.38 0.77 0.46 0.36 0.24 0.18 0.16 0.11
Coeﬃcient of variation(COV), % 31.1 34.8 30.5 31.8 25.5 20.8 16 16 11.2
* Shape of column stub or load patch and corresponding diameter or width. S = square; C = circular; R = rectangular.
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Fig. 1 Comparison between experimental and predicted punch-
ing shear capacities of FRP-reinforced concrete slabs by the
proposed equation.
Prediction of punching shear capacities of two-way concrete slabs reinforced with FRP bars 129Due to the differences between FRP and steel reinforce-
ment in terms of modulus of elasticity and bond characteris-
tics, the application of these equations on FRP-reinforced
concrete slabs is questionable, and it cannot be used directly
to predict the punching capacity of slabs reinforced with
FRP reinforcing bars or grids. [6] Few attempts to develop
empirical models to predict the punching shear strength of
FRP-reinforced concrete slabs have been recently introduced
by different researchers. [4–6].
El-Ghandour et al. [5] introduced a modiﬁcation to the ACI
318 Code [16] equation by adding the term (Ef/Es)
0.33
VCðELÞ ¼ 0:33
ﬃﬃﬃ
f0c
p Ef
Es
 0:33
bod ðSI unitsÞ ð4Þ
where Ef and Es are the modulus of elasticity of FRP and steel,
respectively; the remaining parameters are as deﬁned in Eq.
(1).
Matthys and Taerwe [4] introduced a modiﬁed equation of
the British Standard [17] equation as shown below
VCðMTÞ ¼ 1:36
100qf
Ef
Es
f0c
 0:33
d0:25
bod ðSI unitsÞ ð5Þ
where qf is the FRP reinforcement ratio, and Ef and Es are the
modulus of elasticity of FRP and steel, respectively; the
remaining parameters are as deﬁned in Eq. (2).
Ospina et al. [6] proposed an incremental modiﬁcation to
Eq. (5) as shown below
VC ¼ 2:77ðqff0cÞ
ﬃﬃﬃﬃﬃ
Ef
Es
r
bodðSI unitsÞ ð6Þ
where all the symbols and critical perimeter associated with
Eq. (6) are the same as in Eq. (5).
Comparison between experimental and predicted results
This section provides evaluation of accuracy of existing formu-
las used to predict the punching shear capacity of FRP-rein-
forced concrete two way slabs. Average value; Mean (Ratios
of 1.0 perfectly predict the test capacity. Ratios higher than
1.0 show some level of conservativeness (i.e., safe), while ratios
below 1.0 show that the model overestimates the shear capac-
ity of the slab (i.e., unsafe)), standard deviation (STD) and
coefﬁcient of variation (COV) of experimental to predicted
punching shear capacity ratio of individual formulas are also
deﬁned and presented in Appendix A.
The mean test-to-predicted ratios for nearly all equations
are greater than unity; however, the coefﬁcient of variation is
a better measure of the reliability of the predictions. With a
coefﬁcient of variation of 31.1%, the unmodiﬁed ACI 318
equation (Eq. (1)) produces fairly scattered results.
Where the elastic stiffness of the reinforcing mat is low
(product of Ef and qf less than 0.25 GPa), Eq. (1) tends to over-
estimate punching strength. For slabs with stiffer reinforcing
mats (product of Ef and qf greater than 0.5 GPa), Eq. (1) is gen-
erally safe. Surprisingly, the modiﬁed version of the ACI 318
equation (Eq. (4)) proposed by El-Ghandour et al. [5] has a
slightly higher coefﬁcient of variation (31.8%) than the unmod-
iﬁed ACI equation does, at least on this body of test results.
With a coefﬁcient of variation of 34.8%, the unmodiﬁed BS
8110-95 equation (Eq. (2)) produces more scattered results
than the ACI equation.The modiﬁed version (Eq. (5)) of the BS 8110-97 equation
proposed by Matthys and Taerwe [4] and Eq. (6) proposed
by Ospina et al. [6] show improved coefﬁcient of variation of
25.5% and 20.8% respectively(compared with BS 8110-97),
with conservative results.
The modiﬁed version (Eq. (7)) of the ACI 318 equation pro-
posed by El-Gamal et al. [2] is clearly superior, with a coefﬁ-
cient of variation of 16%. While its predictions are generally
good, there is a tendency to underestimate the results.
In general, from Appendix A, it is found that the approach
suggested by El-Gamal et al. [2] gives the smallest value of
STD and COV (smallest scatter) (0.18% and 16% respectively)
compared with the others.
Proposed design equation
From the review process of all design codes and models which
were proposed by many researchers, it is evident that the best
model which represents and contains all variables affecting the
punching capacity of FRP reinforced concrete slabs is that
proposed by El-Gamal et al. [2].
All the previous equations (Eq. (1) to Eq. (6)) are proposed
for simply supported two-way concrete slabs and none of them
accounts for the effect of transverse and longitudinal restrain-
ing of the slabs on the punching capacity as achieved by El-
Gamal et al. [2] The last two models given by equations (Eq.
(5) and (6)) considered only the effect of the ﬂexural stiffness
of the reinforcing bars in both directions.
From the analysis of the test results in the literature for
FRP-reinforced concrete bridge deck slabs, it was found that
the most important factors that affect the restraining and, con-
sequently, the punching capacity of a bridge deck slab are the
ﬂexural stiffness (qf · Ef) of the bottom transverse reinforce-
ment, and the in-plane stiffness of the slabs in the adjacent
panels in the transverse and longitudinal directions. Also, the
presence of an edge beam at the free end of the slab was
effective in providing the in-plane longitudinal restraint.
Thus, the proposed equation by El-Gamal et al. [2] takes into
130 I.M. Metwallyconsideration these factors to give better agreement with the
experimental results. This equation is a modiﬁcation of the
ACI 318 [16] equation by adding the effects of the ﬂexural stiff-
ness of the main bottom reinforcement, and the effect of the
continuity in the longitudinal and/or in the transverse direction
as shown below:
VC;ðEl-Gamal ¼ VC;ACI318að1:2ÞN
VC;El-Gamal ¼ 0:33
ﬃﬃﬃ
f0c
p
bodað1:2ÞN ðSI unitsÞ ð7Þ
where N represents the continuity effect of the slab on the
punching capacity, N= 0 (for one span slab in both directions
(simply supported)); =1 (for slab continuous along one direc-
tion); =2 (for slabs continuous along their two directions);Fig. 2 Neural Netw
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 
where qf and Ef are the reinforcement ratio and modulus of
elasticity (in GPa) of the main bottom reinforcement, respec-
tively; the remaining parameters are as deﬁned in Eq. (1).
Therefore, the present proposed new equation is considered
as a modiﬁcation of Eq. (7), by replacing the coefﬁcient 0.368
instead of 0.33. Consequently, the new proposed model will be
in this form:
Vc;proposed ¼ 0:368
ﬃﬃﬃ
f0c
p
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Fig. 4 Comparison between experimental and predicted punch-
ing shear capacities of FRP-reinforced concrete slabs by Neural
Network Technique.
Prediction of punching shear capacities of two-way concrete slabs reinforced with FRP bars 131To make it easy and simple for designers and practicing
engineers who are very familiar with the ACI 318 equation
for steel reinforced slabs, the proposed model introduced mod-
iﬁcation factors to the original equation.
The new proposed equation will be used to evaluate the
punching capacity of concrete two-way slabs reinforced with
FRP reinforcing bars or grids (simply supported or restrained).
The coefﬁcient of 0.368 was selected so that the average test to
predicted value would be 1.0. Table 1 shows test to predicted
ratios using the new proposed equation for the available test
results. The predictions are very accurate and reliable, with a
mean of 1.00, STD= 0.16, and COV= 16% (small scatter)
as shown in Fig. 1.
Artiﬁcial Neural Networks Technique
Artiﬁcial Neural Networks (ANNs) are computational tools
that attempt to simulate the architecture and internal features
of the human brain and nervous system. ANNs are consisting
of a large number of simple processing elements called as neu-
rons. Artiﬁcial neurons connected together to form a network.
The structure of artiﬁcial neural networks is layered. These are
input, hidden and output layers.0.00
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Fig. 5 Comparison of the neural netwoANNs can be used to determine a functional relationship
between measured input and output data. Usually, the func-
tional relationship is better than that obtained using regression
methods. The number of the neurons in the input layer is equal
to the number of the independent variables in the experiment.
The number of the hidden layers and the number of the neu-
rons in each layer are chosen to provide a minimum value
for the error between the measured output and the network’s
output while maintaining the ability of the network to general-
ize. In this work, Neural Network Fitting Tool with one input
layer was used (it contains six independent variables that may
affect the punching load), one hidden layer had 11 neurons,
and one output layer was designed to predict the punching
load. The TRAINLM training function available in MATLAB
Neural Toolbox [19] was used to train the network using the
LERNGDM adaption learning function. The input data were
divided into three sets. The ﬁrst set consisting of 70% of the
data was used to train the network. The second and third sets,
each consisting of 15% of the data, was used to validate and
test the generalization ability of the network, respectively.
The sets are taken randomly out of the data set. Each hidden
layer has a bias neuron as shown in Fig. 2. Several architec-
tures were tried and the one that gave the least error was cho-
sen. Adding more neurons increases the training time, limits
the ability of the network to generalize and does not improve
the results. All the parameters that may affect the punching
load were considered in the input layer. These parameters
are: column size (Cx and Cy), slab depth (d), concrete’s
strength (fc), ﬂexural stiffness or elastic stiffness of the main
bottom reinforcement (qf · Ef), and the continuity effect of
slabs on punching capacity (N) in the longitudinal and/or in
the transverse direction. There is no single design code that
considers all these parameters. Fig. 3 shows the relationship
between the experimental data and the training, validation
and testing sets. It can be shown that the relationship between
the complete set of the experimental data and the data pre-
dicted by the neural network is excellent. Fig. 4 shows a linear
regression between the experimental and the neural punching
loads. The agreement is excellent as attested to by the R-value
(0.99) of the regression analysis and descriptive statistics
(Mean = 1.00, STD= 0.11, COV = 11.2) it means that the
prediction by neural networks has the smallest coefﬁcient of
variation, smallest scatter and better conﬁdence intervals com-
pared with the others as reported in Table 1.
Accuracy of the Neural Network Technique compared
with the proposed model (Eq. (8)) can be shown by Fig. 5,
in this ﬁgure, elastic stiffness (qf · Ef) was used as the main1 1.25 1.5 1.75
iffness, GPa
Neural Networks
Proposed Eq.8
rks technique and proposed model.
132 I.M. Metwallyparameters that capture both the amount of FRP reinforce-
ment and the type of FRP reinforcement. The predictions
using the neural networks method provided better results
and smaller scatter compared with the proposed model.Conclusions and recommendations
The main conclusions and recommendations derived from this
study may be summarized as follows:
1. Design provisions in ACI 318-11 and BS 8110-97 cannot be
used directly to predict the punching capacity of slabs rein-
forced with FRP reinforcing bars or grids. Neither of these
standards adequately accounts for the elastic stiffness of the
reinforcing mat.
2. The modiﬁcation of the BS 8110-97 equation proposed by
Matthys and Taerwe [4] and Ospina et al. [6] clearly
improved the predictions of results than BS 8110-97 with
conservative degree.
3. The equation proposed by El-Gamal et al. [2] a modiﬁca-
tion of the ACI 318 equation is a reliable predictor of
punching capacity for slabs with FRP reinforcing bars or
grids. It gives the smallest value of STD and COV (smallest
scatter) among those considered.
4. The collected test results show that most of the existing for-
mulas gave inaccurate results with a large scatter in com-
parison with the testing results, and thus, a new formula
or technique should be proposed for more accurate estima-
tion of punching shear resistance of FRP-reinforced slabs.
This paper provides the designer with a reliable and accu-
rate design tool for estimating the punching shear strength
of two way slabs reinforced with FRP bars or grids. Two
approaches are presented; the ﬁrst is the proposed equation
and the second is the Neural Networks Technique. Each of
them contains two new parameters, never used before; the
effects of the elastic stiffness of the FRP reinforcement
and the continuity effect of slabs on punching capacity as
explained previously.
5. The ﬁrst approach is a new equation to predict the punch-
ing shear strength of two-way concrete slabs reinforced
with FRP reinforcement (bars and grids). It is considered
as a modiﬁcation of El-Gamal et al. [2] model. In the pro-
posed model, a new parameter, a, which is a function of the
ﬂexural stiffness of the tensile reinforcement (qf · Ef), the
perimeter of the applied load, and the effective depth of
the slab was introduced to the original ACI 318 equation.
In addition, a summary of all available punching shear
design models for FRP-reinforced slabs were also pre-
sented. The proposed design model was compared to most
of, if not all, the published test results on FRP-reinforced
concrete two-way slabs. Based on the performed study;
The proposed model gives better predictions compared to
the other existing model codes and standards and gives very
good agreement with test results of FRP-reinforced con-
crete slabs (simply supported or restrained) with smallest
scatter .
6. The second approach is using Artiﬁcial Neural Networks
for the prediction of punching capacity, it has better esti-
mated punching load of slabs than all the existing available
equations (codes and models) from the point of view of sta-
tistics and probability. The excellent agreement between thepublished test results and the predicted ones by the Neural
Networks Technique covering a large number of variables
(as column size, slab depth, concrete’s strength, effects of
the elastic stiffness of the main bottom reinforcement,
and the continuity effect of slabs on punching capacity)
that inﬂuence punching shear should give conﬁdence and
reliability to engineers and designers in using FRP rein-
forcement in slab-column connections.
7. For more reliability, accuracy and proﬁciency, it is recom-
mended for engineers to use Neural Networks Technique
for prediction of punching capacity of FRP-reinforced
slabs(simply supported or restrained) because it achieved
the high accuracy, better predictions and smallest scatter
compared with the proposed equation and all existing
design codes and models.
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